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ABSTRACT the DWT engine.
The CAUSAL, RESTART and RESET mode switches, pre- ~ We assume thatthe DWT engine is capable of producing
viously used to enable microscopic parallelism and improve M lines of subband samples at once, fr@W.,,q, +2M —
throughput, are examined in terms of the memory require- 1) lines of input samples, whef@L, ... + 1) is the length
ments of the JPEG2000 block coder. An Extended Passof the longest wavelet filter.
Switching Arithmetic Encoder (EPSAE) is introduced that ~ The following equations (summarized from [3]) denote
aids in the reduction of memory by providing the ability to the cost of buffering the horizontal and vertical low-pass
partially process code-blocks. We show how the use of thesdntermediate subband data. For simplicity, they assume an
switches and the EPSAE can reduce the overall amount oforiginal image bit depth of 8 bits, and a subband sample bit
memory required by the block coder by a factor of 7. This depth of 16 bits. The original image widthli samples.
reduction is achieved without the necessity of tight synchro- ~ The buffer size for implementing a direct DWT analysis
nization between the DWT and block coder. engine is given as

SBr < (6M + 6Lyas — 3) W bytes
1. INTRODUCTION pwr S ( maz — 3) W by

For a lifting based engine, the buffer size is
This paper demonstrates the use of the RESTART, RESET

and CAUSAL mode switches (the stripe causal method [1]) Sowr < (6M + 4Ly, — 1) W bytes
ony) required by a JPEG2000 encoder. Previousy (1] 2], MErory bandwidth (e number of memory ransactons -
these switches have been described as a means of providin u!red_ per original image sample) for the direct implemen-
parallelism and improving throughput. tionlis

We analyze three systems. In the first, the Discrete Wavelet
Transform (DWT) engine is loosely coupled to the block
coding sub-system. The second uses a tight coupling be- . ) S
tween these two sub-systems. The third lies between thes&©" the lifting based engine, bandwidth is
two extremes, utilizing an Extended Pass Switching Arith- (2 . 2o — 1>+L

2L e — 1
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BWowr < 3 (2 + =517 ) bytes/sample
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metic Encoder (EPSAE) to reduce the amount of buffering BWowr < 3 i ! bytes/sample
required for subband samples. A benefit of this technique
is that the DWT can remain loosely synchronized with the It is important to note that the size of external buffers in-
block coder. creases by bytes for each extra line. For example, a
The EPSAE is an extension to the Pass Switching Arith- 1024 sample wide image, with/ = 4 and L,,,,, = 4 will
metic Encoder (PSAE) proposed in [2]. Unlike the PSAE, require 45kB (39kB) of memory for the direct (lifting) im-
the proposed coder enables partial coding of code-blocks. Itplementation. FoM/ = 64, 405kB(399kB) are required.
is this property that enables the proposed system to use apWe also note that the lifting implementation has a slightly
proximately 7 times less memory than the loosely coupled higher external memory bandwidth than the direct imple-
system. mentation.

2. THE DWT ENGINE 3. FORMSOF COUPLING

Before comparing the three schemes, it is important to out-In this paper, coupling refers to the way the DWT is con-
line the parameters affecting the memory requirements ofnected to a pool of block coders. The form of coupling
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The loosely coupled system of Figure 1 assumes the
DWT produces a small number of lines/( < J, where J
is the height of the code-block) of subband samples at onceg \bband samples) levels of decomposition and double

These are stored in a subband data memory, from which : L
’ ff h f
they are consumed by the pool of block coders. The sub-bu ering, the amount of subband data memory required is

Figure 3: Proposed Coupling

band data memory must be able to accommodate atJeast D
lines from each subband, at each level of the DWT, so that Ssoppand= 12JW Y " 274 < 12.JW bytes
the block coders can process complete code-blocks. This d=1

system allows the DWT memory cost to be kept low, at the
expense of a large subband data memory.

In a tightly coupled system (Figure 2), the DWT pro-
vides subband data directly to the pool of block coders. This

ts that the DWT should produgdi t f ;
sugges's Mat te snould pro nes a once for There are the same number of subband samples as image

each subband in the DWT level which is currently being samples. Assuming 16 bit subband samples, the required
processed. This system eliminates the need for any Slgmﬂ-l?andwidth for the subband data memory is

cant subband data memory, at the expense of a much highe
memory cost for the DWT. While the techniques described BWLoose  _ 4 phutes/sample
in this paper could be applied to reduce the memory cost Subband y P

associated with the tightly coupled system, tight coupling  The proposed system requires enough memory to buffer
has a significant disadvantage. Specifically, enough blocka group of stripes at any single level of decomposition. Again,

coders must be prOVided to ensure that the required throughassuming double buﬁering and 16 bit subband Samp|eS, we
put can be maintained. Unfortunately, the block coding time gptain

can vary greatly from block to block, based on the statistics Sg;%%%i%d: 24SW bytes
of the subband. As a result, many block coders may be idle
much of the time. ) ! X
The system proposed in this paper is shown in Figure 3.USing @ single stripex
The block coder is more tightly coupled to the DWT than in dat& memory. o
the loose system, but simple synchronization is maintained, S for the loose system, the bandwidth is
through the use of double buffering. This system exploits
the fact that code-block samples are processed in stripes,

having heighti. Sufficient buffering is provided for one or  4jthough the impact of this memory bandwidth may be much
more stripes of subband data at the highest decompositioness significant than in the loosely coupled system, since the

level. The DWT produced/ = 45 lines at once, where  gyhhand data memory may be small enough to reside on-
S is the number of stripes that are processed together bychip.

the block coder. For this system to work, the CAUSAL,
RESTART and RESET mode switches must be employed,
breaking key dependencies in the block coder.

For example, a 1024 wide image, usifg x 64 sample
code-blocks and using 5 levels of decomposition requires
744kB of subband data memory.

Each subband sample must be read and written once.

For example, a 1024 wide image, with the coders processing
= 1), will require 24kB of subband

Proposed__
BWSubband = 4 bytes/sample

5. EXTENDED PASS SWITCHING ARITHMETIC
ENCODER

4., SUBBAND DATA MEMORY The proposed system of Figure 3 must be able to process
partial code-blocks. Specifically, the block coder must be
For the loosely coupled system, enough memory must beable to leave a code-block when it runs out of stripe data
provided to at least buffer a row of code-blocks from each and return to it later when more data is available. This
subband at each level of decomposition. Assuming 16 bitmeans that the system must be able to store and retrieve



state information corresponding to each coding pass of eactthe same way, each of the three states must be read at the
code-block which has been partially processed. start of a group of stripes, and written at the end of each
The Pass Switching Arithmetic Encoder (PSAE) was group, in each bitplane, with the exception of the most sig-
originally introduced in [2] as an alternative to the coding nificant bitplane which has only a single pass. Note that no
primitives outlined in [4] for reducing wasted clock cycles. read is required when processing the first group of stripes
Extending this idea to allow the MQ registers and probabil- in a code-block, and no write is required when processing
ity models (the coder “state”) to be stored between passedhe last group. The required memory bandwidth of the state
enables the block coder to operate on partial code-blocksmemory is then
Each pass state is stored in “State Memory” shown in Figure
3. By enabling the RESTART and RESET mode switches, . _ 2([4&5] — D(46.25N — 26.75)
the MQ codeword is terminated and the probability models State ™ JK
are reset at the end of each pass, making the arithmetic cod- . .
ing processes independent across passes. Additionally, be'fOr example,_ usmg4>< 64 qode-blocks, 16 bit subband data
cause we are operating on partial code-blocks, the CAUSALandS = 1 stripe, will require 4.89 bytes/sample.

mode switch is needed to remove the possibility that future Notg_ that if less than thr ee sets of MQ. registers and
stripes contribute to the generation of context symbols for probability models were provided, the bandwidth of the state
the current stripe memory would increase considerably. This is because we

Using the notation of [3], the MQ registers ateC, ¢, T’ are processing the passes within a bitplane in parallel. Thus,
andZ. As will be shown in éection 6. it is not nece7ss7ary to €achtime we encounter a bit from a different pass, we would

storeL in state memory. The others require 51 bits per pass.need to save th? current state and load the new state.

Each probability model requires 7 bits of storage. There | he generation of context relies not only on the samples
are 13 models for the significance propagation pass, 3 forin the current stripe, but also those from the last line of the
the magnitude refinement pass and 15 for the cleanup pasg?rewous stripe. I we are processing the first stripe in a

Assuming that we hava” magnitude bitplanes\ + 1 bit group, we must also have access to the line that preceded
signed subband data), there a¥eclean up passesy — 1 this group. We need to store the last line for each subband

magnitude refinement passes a¥id- 1 significance prop- in each level of decomposition. Assuming 16 bit subband

agation coding passes per code-block. This gives a total ofdat@ the size of the last line store will be
3N — 2 passes per code-block.

bytes/sample

D
Per code-block, we can write the amount of storage re- Sl ast Line = 6W Z 24 < 6W bytes
quired to implement the EPSAE as e
For our example 1024 sample wide image, with 5 levels of
SBlock l[(N —1)(13x74+3x7) decomposition, the last line store would require 5.81kB.
8 This line must be written at the end of each group of
+ N x 15 x 7+ 51 (3N —2)] stripes (except the last stripe in a block), and read at the
= 46.25N — 26.75 bytes start of each group of stripes (except in the first stripe in

each block). The bandwidth will thus be
If W is the width of the image and is the width of the
code-blocks, there will bé | code-blocks along a line w2 (L
of subband samples in decomposition ledel Switching LastLine = 7\ | 43
occurs between code-blocks in each subband, at each level
of decomposition. We must therefore provide enough stateFor our example 1024 sample wide image, with 5 levels of
memory for a row of code-blocks in each level of decompo- decomposition4 x 64 sample code-blocks and using one

sition. The amount of pass state memory required is then Stripe, the last line store would require a bandwidth of 0.47
bytes/sample.

W — 1) bytes/sample

D
1474
slo@l — 3 — | (46.25N — 26.75) bytes
State ; K2d ( ) by 6. COMPRESSED DATA MEMORY

MANAGEMENT
For example, a 1024 sample wide image vithx 64 code-
blocks, 16 bit subband data and 5 levels of decompositionWhen calculating the memory size and bandwidth require-
will require 31.27kB of state memory. ments of the coder, previous work seems to have consid-
The PSAE of [2] provided three sets of the MQ registers ered the buffering of coded data as external to the system,
and probability models, to allow for the parallel coding of and as such not included it in the memory requirements.
each pass in the bitplane. If the EPSAE is implemented inlt is assumed that some external agent will take care of



buffering and arranging the compressed data into a compli- System | Memory Size | Memory BW

ant bitstream. However, for a fair comparison between the Loose 789 kB 8.79 bytes/sample
proposed coder and the loose and tightly coupled systems, | Tight 405 kB 3.42 bytes/sample
we outline a simple management scheme and the additional Proposed| 106 kB 14.15 bytes/sample
costs involved for the agent. Table 1: Comparison of memory requirements

We assume that a spacially progressive bitstream is pro-Switching Arithmetic Encoder, the proposed system relies
duced. This type of progression means all quality layers areon the RESTART, RESET and CAUSAL mode switches,
placed into the bitstream at once, so the agenflaah com- but exploits these both for parallel processing of the various
plete code-blocks out of the buffer. This progression may coding passes and for partial processing of code-blocks in
require in the order of thousands of lines of image data to bestripes.
compressed before a precinct carfloshed, as code-blocks Using the examples provided, the results in Table 1 are
from each level of decomposition must be available. Due achieved. The proposed system substantially reduces the re-
to this large number of image lines, there will be a consider- quired memory, at the cost of a higher memory bandwidth.
able amount of compressed data to be buffered. This largeVVith memory size reduced, storage may now be implemented
amount of data will require the buffer to reside in external “on-chip”, making the increase in bandwidth of less conse-
memory, regardless of the system under consideration. ~ quence. The memory requirements of the each system are

The proposed system produces highly fragmented code-sensitive to code-block size. Memory size and bandwidth
words. A fragmentis produced for each pass, in each stripe are favored by wider and shorter code-blocks.
in each code-block, in each layer of decomposition. For  The proposed system substantially increases the amount
these to bélushed into the bit stream, the fragments must be of memory required for compressed data storage. However,
concatenated back into a single codeword. Each fragment iss this is likely to be "off-chip’ external memory, bandwidth
placed into the compressed data buffer, and its length (founds of a higher concern and this increase is quite small. The
in L register of the arithmetic coder) stored in a table. Indi- table system proposed is very simple and futher study may
vidual tables for each level of decomposition are provided, yield a more efficient structure.
to ease to location of required code-blocks. The tables are  Although the proposed system maintains loose synchro-
subdivided into stripes, and each stripe has pointer to itsnization between the DWT and block coding sub-systems,
first fragment in memory. Assuming that the length of a we have not studied the impact of statistiftactuations in
fragment can be expressed using 8 bits, and that the pointethe block processing time and DWT arrival pattern on the
requires 32 bits, the total number of bytes required for a amount of additional buffering which may be required to
single code-block at level of decomposition is maintain a given level of block coder utilization. Such an

analysis should serve to further quantify the merits of the

Staie enry, ¢ (3N — 2) [%-‘ n ; Ij‘; } bytes/code-block  100sely coupled and proposed systems.
K24

For our example system at the first level of decomposition,

iéx (E;ésa&ng)let code-:locgs,bsllnglg(letstrlp()je plrlocess_lngBSst[l] D. Taubman, E. Ordentlich, M. Weinberger,
ytes. 9 Wi b coding in JPEG2000,” irProc. IEEE International

of the compressed da_ta, fo_rthe style of progression outlined. Conference on Image Processingpl. 2, pp. 33-36,
The fragment entries will only be read and written once. 2000

The bandwidth of the table is then
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